DNA methylation of cytosine residues is a widespread phenomenon and has been implicated in a number of biological processes in both prokaryotes and eukaryotes. This methylation occurs at the 5-position of cytosine and is catalyzed by a distinct family of conserved enzymes, the cytosine-5 methyltransferases (m5C-MTases). We have cloned a fission yeast gene pmt1 + (pombe methyl fransferase) which encodes a protein that shares significant homology with both prokaryotic and eukaryotic m5C-MTases. All 10 conserved domains found in these enzymes are present in the pmt1 protein. This is the first m5C-MTase homologue cloned from a fungal species. Its presence is surprising, given the inability to detect DNA methylation in yeasts. Haploid cells lacking the pmt1+gene are viable, indicating that pmt1 + is not an essential gene. Purified, bacterially produced pmt1 protein does not possess obvious methyltransferase activity in vitro. Thus the biological significance of this m5C-MTase homologue in fission yeast is currently unclear.
INTRODUCTION
DNA methylation is a widespread phenomenon and can be found in organisms ranging from bacteria to mammals. The most common form of this modification is methylation at the C5 position of cytosine. In prokaryotes, cytosine methylation is a component of the restriction-modification system (I). In eukaryotes the role of methylation is less well understood, but its importance has been clearly demonstrated by the finding that it is essential for normal embryonic development in mice (2) . DNA methylation has been implicated in a variety of processes, such as the repression of transcription (3), genomic imprinting (4), organization of chromatin structure (5) and X-chromosome inactivation (6) . Tissue-specific patterns of methylation are found in mammalian and plant cells and this is thought to contribute to the regulation of gene expression in differentiation (7) .
A greater understanding of DNA methylation in higher organisms could be obtained by studying its role in genetically tractable eukaryotes such as yeasts and Drosophila. To date, however, 5-methylcytosine has not been detected in the DNA of Schizosaccharomyces pombe (8; C. Wilkinson, unpublished data), Saccharomyces cerevisiae (9) or Drosophila (10) . Even the most sensitive methods used to analyze the 5-methylcytosine content of DNA require that at least 0.075% of the total cytosine is modified (11) . Thus, certain genomes may contain low levels of methylation which have escaped detection. The amount of 5-methylcytosine found in eukaryotic genomes varies considerably. In vertebrates between 3-8% of cytosines in DNA are methylated (12) , whereas in plants the proportion of methylated cytosine can be as high as 30% (13) . While 5-methylcytosine has not been detected in the DNA of yeasts, it has been found in other species of fungi. Neurospora crassa and Phycomyces blakesleeanus have 1.5 and 0.5% of total cytosine modified respectively (8, 14) . There are reports of methylation in species representing each division of the fungal kingdom (8, (14) (15) (16) , but the occurrence of methylated DNA in fungi is somewhat sporadic and there is no obvious evolutionary relationship between the species in which it can be found.
In the filamentous fungus N.crassa, methylation is involved in an interesting premeiotic process that appears to test every sequence in the genome against all others (17, 18) . Duplicated sequences are then riddled with G:C-»-A:T mutations, a process which inactivates both copies permanently, hence the name 'repeat-induced point mutation' or RIP. The affected sequences become densely methylated and this modification persists in vegetative cultures. The methylation, which is not limited to symmetrical sequences such as CpG or CpNpG, is somehow induced by the mutations. A similar process occurs in the related fungus Ascobolus immersus, but in this case inactivation is achieved by methylation alone and this is known as 'methylation induced pre-meiotically' or MIP (19, 20) . What are the possible functions of RIP and MIP? It has been suggested that MIP might control meiotic recombination, thereby preventing potentially lethal rearrangements of the genome (21) . RIP and MIP could also be ways of inactivating transposons, preventing them from multiplying in the genome. Transposons have been identified in N.crassa (22) and genetic evidence has implied that they also exist in the genome of A.immersus (23, 24) . The association of methylation with transposable elements can be found in other eukaryotes. In the slime mould Physarwn polycephalum, -20% of its genome is methylated. This methylated fraction consists of multiple copies of a single transposable element (25) , the presence of which is thought to be tolerated if transposition is repressed by methylation. A related phenomenon can be identified in mammalian cells, whereby proliferation of viral sequences is prevented when they become methylated (26) .
Different levels of methylation have been reported in various developmental stages of certain fungi. The yeast form of Candida albicans was found to have over twice the amount of 5-methylcytosine as the mycelial form (15) . In N.crassa, the levels of 5-methylcytosine in the asexual spores was found to be nearly twice that of the mycelial form (27) and the spores of P.blakesleeanus contain six times the amount that is found in the mycelial cells (28) . However, it remains to be established whether there is a link between these differences in methylation and the regulation of specific genes involved in the developmental changes.
The cytosine-5 methyltransferases (m5C-MTases) are a conserved family of enzymes that transfer methyl groups from S-adenosylmethionine (AdoMet) onto the 5-position of cytosine in DNA. Most of the enzymes are prokaryotic, although a few eukaryotic examples have now been identified. This family shares a common architecture consisting of 10 conserved amino acid motifs (29) . The motifs are between three and 20 amino acids long and are present in a conserved order. Motif I is similar to a weakly conserved sequence, present in other methyltransferases that use AdoMet, and is thought to be required for interactions with this cofactor (30, 31) . Motif IV contains an invariant cysteine residue that is essential for catalysis. Wu and Santi (32) initially proposed that the mechanism of m5C-MTases is similar to that employed by thymidylate synthase (33) and tRNA uracil 5-MTase (34) . Both these enzymes transfer a methyl group to the C5 position of a pyrimidine by a mechanism that involves a cysteine residue which forms a covalent protein-DNA intermediate with the C6 position of cytosine. Evidence that the conserved cysteine in region IV is the catalytic site has come from a variety of experiments, including mutagenesis (35-37), X-ray crystallography (38, 39) and the trapping of covalent intermediates during the methyltransfer reaction (40) (41) (42) (43) . The DNA recognition domain lies between motifs VIII and IX and is typically between 80 and 300 amino acids long. It is responsible for the recognition of a specific DNA sequence containing the target cytosine (35, 44) .
Prokaryotic enzymes are between 300 and 500 amino acids long. They have a recognition sequence of 4-8 base pairs and possess de novo m5C-MTase activity. The first eukaryotic m5C-MTase gene to be cloned was from mouse and the corresponding enzyme was found to methylate cytosine in CpG dinucleotides (45) . Subsequently, m5C-MTases have been cloned from human (46) and Arabidopsis thaliana (47) . The C-terminus of these eukaryotic enzymes has the same overall structure as the prokaryotic methyltransferases, but they also possess an N-terminal extension of-1000 amino acids. This extension is thought to regulate the activity of the m5C-MTase, and in particular confer upon it a specificity for hemimethylated DNA (48) .
We report here the cloning of a fission yeast gene encoding a m5C-MTase homologue. The corresponding protein has the 10 conserved motifs characteristic of m5C-MTases and represents the first homologue of this enzyme family cloned from a fungal species. We show that the gene encoding the m5C-MTase homologue is non-essential and that the bacterially produced recombinant protein does not appear to possess methyltransferase activity in vitro. The role of this gene is unclear and we discuss the possible significance of its existence in fission yeast.
MATERIALS AND METHODS

Media and general techniques
All S.pombe strains used are isogenic to the wild-type 972h~. Standard genetic manipulations and media were as described (49) . Yeast transformations were performed by the spheroplast and lithium acetate procedures (49) or by electroporation (50) .
Cloning and sequencing
The pmtl + genomic clone was isolated from a library containing a complete Hin&lll digest of genomic DNA from a S.pombe weeI-50 mutant in the vector pDB262 (a gift from Paul Russell). The complete 2.4 kb insert and also Hincll-Hindlll and KpnlHindlll fragments were subcloned into pTZ18R and pTZ19R. Single-stranded DNA was made and sequenced using Sequenase 2.0 (USB) using M13 reverse and universal primers and custom synthesized oligonucleotides. A S.pombe cDNA library (51; a gift from J. Fikes and L. Guarente) was screened by colony hybridization using the 2.4 kb HindlU genomic fragment as a probe. DNA from a colony cross-hybridizing with the pmtl + gene was sequenced using the same strategy as above. The putative protein encoded by pmtl + was compared with the protein sequences stored in the National Bethesda Research Foundation and the University of Geneva (SWISSPROT) protein sequences databases.
Isolation of RNA and Northern analysis
Total RNA from exponentially growing haploid S.pombe cells was prepared essentially as described (52) except that the proteinase K step was omitted. For Northern blot analysis 10 \ig of RNA was run on a formaldehyde gel and blotted onto genescreen (NEN reasearch products; the filter used was a kind gift from C. Mclnerny). Hybridization was carried out in the presence of formamide and dextran sulphate according to the manufacturers' instructions (protocol 2). The membrane was incubated overnight with a random primed [a- 32 P]dCTP-labelled probe.
Bacterial expression and purification of the pmtl protein
The pmtl + cDNA was amplified by PCR using oligonucleotides which introduced an Ncol site at the 5' end and a BamHl site at the 3' end. The primers used were: 5'-CGGCCATGGG-GATGCTTAGTACAAAAAGATTAC-3' and 5'-GCTGGTCCC GCnTTAGAAATTTAGAGGTTC-3'. After digestion with BamHl and Ncol and gel-purification this fragment was cloned into the Ncol and BamHl sites of pet6H, a modified version of pET 11D (Novagen; C.H. Hu, unpublished), to give pET6HPmt 1. The recombinant pmtl protein was expressed in the E.coli strain BL21 (DE3) pLysS and was produced essentially as described (53) . In order to promote solubility of the pmtl protein, the bacterial cells were grown and expression was induced at 24°C. Bacterial extract was made by repeated sonication in buffer A (50 mM NaCl, 10 mM Tris-HCl, pH 7.5, 10% glycerol, 0.1 % Triton X-100. 0.5 mM PMSF and the protease inhibitors pepstatin A. leupeptin, chymostatin and antipain each at 5 (ig/ml). After sonication the extract was spun at 16 000 r.p.m. for 30 min in a Beckman JA-20 rotor. The recombinant protein was purified by passing the supernatant over a Ni 2+ -NTA agarose column (Novagen). The column was washed extensively with buffer A. To elute histidine tagged proteins from the resin an analog of histidine, imidazole, was used. Buffer A containing 20 mM and 40 mM imidazole was used to remove weakly bound proteins. The pmtl protein was eluted with buffer A containing 80 and 100 mM imidazole. The purified protein was assayed using SDS-PAGE.
In vitro methyltransferase assays Samples were incubated at 28°C for \-4 h. The sample was then treated with RNase A (10 ^g/ml for 15 min at 37°C). This was followed by treatment with proteinase K (100 (J.g/ml for 30 min at 60°C). The samples were then extracted twice with phenol-chloroform and ethanol precipitated. The samples were resuspended in 20 u.1 TE and spotted onto glass microfibre filters (Whatman). The discs were washed three times in 5% TCA and once in 95% ethanol followed by counting by liquid scintillation. The background was typically 20-30 c.p.m. and this was not subtracted from the figures shown in Table 1 . Each assay was performed three times and the average value was taken. The values for samples containing no substrate were also typically between 20-30 c.p.m. for both pmtl and M.MspI. The lambda DNA that was used was prepared from dcm~ dam" E.coli cells and therefore is not methylated at any sites.
Gene disruption
The pmtl + genomic clone (2.4 kb HindlU fragment) was subcloned into pTZ19R. The 1.2 kb EcoRV-Clal protein coding region was removed and blunt ends created with the large fragment of DNA polymerase I. Blunt ends were also created on a 1.8 kb HindlU fragment containing the ura4 + selectable marker. This fragment was then ligated into the pmtl + genomic clone. PCR was used to generate a 3 kb linear piece of DNA containing the disrupted pmtl genomic clone. The primers used were 5'-AGCT-TAACAAATCCAAGCAA-3' and 5'-GTAGCTAAAGCATT-CAATAC-3'. These primers are located such that the HindlU sites at either end of the genomic clone were not included in the PCR product. The disrupted copy of pmtl was used to transform the diploid S.pombe strain leul-32Aeul-32 ade6-210/ade6-216 ura4-D18/ura4-D18 h + /h + . Stable ura + integrants were isolated and heterozygous deletion mutants identified by Southern blot hybridization. Colonies were replica-plated to sporulation media to identify spontaneous conversions of h + /h + diploids to h + /h 90 . The /i" 1^90 diploids are sporulation competent and were identified by exposure to iodine vapours. These diploids were then used for tetrad analysis.
Isolation of DNA and Southern blot analysis
Genomic DNA was prepared from diploid strains essentially as described (49) . For Southern hybridization analysis, 0.5 u.g of genomic DNA was digested overnight at 37°C, run on a 0.8% agarose gel and transferred to hybond N + (Amersham) as recommended by the manufacturer. The membrane was prehybridized for 1 h in hybridization buffer as described (54) , and then incubated with a random primed [a-
32 P]dCTP-labelled probe overnight at 65 °C. The filters were washed three times for 20 min each in 0.2 x SSC, 0.1% SDS at 65°C. Blots were stripped according to the manufacturer's instructions.
Assay for chromosome stability
The stability of the mini-chromosome Chl6 (55) was measured by the half sectored assay (56) . The following strains were used in the assay; h + pmtl::ura4 leuJ-32 ade6-210 ura4-D18 Chl6 ade6-216 m23::LEU2 and h+ leul-32 ade6-210 ura 4-D/SE Chl6 ade6-216 m23::LEU2 (this strain was a gift from R. Allshire). Approximately 500-1000 cells were plated onto yeast extract containing 0.15 mg/1 adenine. The colonies were left to grow at 28°C for 3 days and then left at 4°C for 3 days. The number of colonies with a red sector covering at least half of the colony were counted. This number was divided by the total number of white plus sectored or red colonies to give the number of chromosome loss events per division. A total of 20 000 colonies were plated in each assay.
RESULTS
Isolation of the pmtl + gene
The pmtl + gene was cloned fortuitously from a library of S.pombe genomic DNA in the vector pDB262. It was found in the same plasmid as the previously known gene pat I + . The plasmid, C1, contained two HindlU fragments, the larger of which was 8.5 kb in length and contained the pat 1 + gene. The smaller 2.4 kb fragment was sequenced and found to contain one large open reading frame (ORF). Further examination of the DNA sequence in the region 5' to this indicated a second potential ORF that could be brought in-frame by the splicing out of a potential intron. A cDNA was cloned by hybridization of the region containing these two open reading frames, to a S.pombe cDNA library. Two clones were obtained, the longer of which was sequenced and was found to be 1073 bp long. The cDNA encodes a predicted protein of 331 amino acids long (Fig. 1) . A comparison between the genomic and cDNA sequences indicated that the gene identified on the 2.4 kb //irtdlll fragment does indeed have a 44 bp intron at the 5' end of the gene. This has also been confirmed by reverse transcriptase PCR (data not shown). Sequences flanking the putative exons conform well with 5' and 3' splice sites; 5' GTATG where the consensus is GTANG; 3' TAG where the consensus is NAG (57) .
The size of the transcript corresponding to the cDNA was assessed by Northern blot analysis (Fig. 2) . A probe made from the cDNA clone was hybridized to total yeast RNA. This revealed a single transcript of -1.0 kb, suggesting that the 1073 bp cDN A clone is likely to be the full-length copy of the mRNA.
The pmt1 + gene encodes a protein homologous to cytosine-specific DNA methyltransferases
The putative protein encoded by the cDNA was compared to the protein sequences stored in the National Bethesda Research Foundation (PIR) and University of Geneva (SWISSPROT) protein sequence databases. Striking similarity with DNA methyltransferases specific for the 5-position of cytosine (m5C-MTases) was noticed. In view of the strong homology to m5C-MTases, the novel fission yeast gene was called pmtl + iizombe methyltransferase).The structural organization of the pmtl protein sequence is very similar to these enzymes. Its predicted size of 38 kDa is within the range found for known bacterial m5C-MTases. The 10 conserved domains are present in the correct order and the spacing between them shows no atypical features. The three eukaryotic m5C-MTases cloned to date also possess the conserved regions, but in addition have an N-terminal domain that is typically around 1000 amino acids long, pmt 1 does not have such an extension and is therefore more similar to the bacterial enzymes in its overall structure.
A schematic representation of the pmtl sequence in comparison with a selection of enzymes is shown (Fig. 3) . The consensus sequence is based on an initial comparison of 13 m5C-MTases (29) . Since this initial analysis, the total number of these m5C-MTases has risen to over 50 and most of them conform well to this consensus, although only a small number of amino acids are absolutely invariant. Of the enzymes shown, M.MspI, M.Hhal and M.EcoRII conform well to the consensus (58-60); these enzymes were part of the original analysis on which the consensus was based (29) . The mouse sequence is shown as a representative of a eukaryotic m5C-MTase and M.SssI and M.HgaI-2 are shown as examples of m5C-MTases whose amino acid sequences deviate from the consensus at a number of points (61, 62) . The pmtl protein conforms reasonably well to the consensus, especially in motifs II, III, VI, VII, IX and X (Fig. 3) .
The most striking difference between pmtl and all the other m5C-MTases cloned to date occurs in region IV. In every other m5C-MTase there is a proline-cysteine dipeptide in this motif that is known to be part of the catalytic site. In addition to this change in region IV, there are a few differences in the pmtl sequence at positions that correspond to residues that are usually invariant; most of these changes, however, are conservative. For example, tyrosine-13 (region I) is found instead of the usually invariant phenylalanine, threonine-85 (region IV) is found 
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Deletion of the pmtl* gene
In an attempt to study the physiological role of the pmt 1 protein, the pmtl* gene was deleted. Prior to such analysis, we wanted to determine the chromosomal location of the pmtl* gene to assist in the identification of the required deletion events. Thus the pmtl* cDNA was hybridized to bacteriophage and cosmid clones covering the entire S.pombe genome (63, 64) . The pmtl* gene was found to be located on chromosome II within cosmid 10G12C on the Notl-B fragment between the genetic markers patl and cen2 (the data analysis was kindly performed by E. Maier, ICRF). The distance between the start of the pmtl* gene and the patl* gene is ~9 kb. This confirmed that the 8.5 and 2.4 kb fragments in the original C1 plasmid were co-linear in the genome.
The majority of the pmtl* coding sequence was replaced by the ura4* gene to give the plasmid pTZ\9R-pmtl::ura4 ( Fig. 4A and  B) . This construct removed 90% of the coding sequence and was used to create a genomic deletion of pmtl + in a diploid strain. Deletion of one copy of the pmtl* gene to give a heterozygous diploid was confirmed by Southern blot analysis. The enzymes that were used in this analysis were Hindltt (Fig. 4C) as well as Bamlil, EcoRl and Cla\ (data not shown). Tetrad analysis of these diploids gave rise to four viable spores, indicating that the pmtl* gene is not essential for vegetative growth. The generation time of the Apmtl cells at 28°C was identical to that of wild-type cells, as was their appearance in the light microscope.
Based on the characteristics of DNA methylation and its functions in other organisms, we decided to carry out further investigations with the Apmtl strain. It has been reported that a N.crassa mutant has reduced levels of methylation and displays abnormal chromosomal segregation (65) . The effect of the pmtl* gene deletion on chromosome stability was assessed. A minichromosome containing an adenine marker was crossed into the Apmtl strain. Cells that lose this chromosome are red due to the accumulation of an adenine precursor, giving rise to the appearance of sectored colonies. The frequency at which such colonies arise can thus be used to assess aberrant chromosome segregation events (56) . The appearance of sectored colonies in the Apmtl strain was 1 in 2000. A similar frequency was obtained with a wild-type strain, indicating that the pmtl + gene has no great effect on chromosome stability (data not shown).
It has been suggested that mating type switching in S.pombe involves some sort of epigenetic modification to create asymmetry of the DNA strands at the matl locus (66) . Methylation of DNA on one strand could, in theory, provide the required asymmetry and therefore it was decided to test whether the pmtl* gene was involved in the regulation of mating type switching. Fission yeast cells of the opposite mating type (h* and h~) will conjugate and sporulate when they are starved of nitrogen. These events can be demonstrated by exposure to iodine which stains the starch in spore walls black (67) . Cells that are ft 90 can switch between h* and hs tates and thus when A 90 colonies are nitrogen-starved, conjugation and sporulation will occur. These events will be proportional to the frequency of mating type switching and this can be assessed by subsequent exposure to iodine. When wild-type h 90 and Apmtlh 90 colonies were nitrogen starved for 3 days and then exposed to iodine, the intensity of staining was the same for both strains, indicating that mating type switching was occurring at a similar frequency (data not shown). This finding would suggest tfiat the pmtl* gene has no great effect on mating type switching.
Purification of the pmtl protein and analysis of its methyltransferase activity
In order to determine whether the pmtl protein could act as a DNA methyltransferase in vitro, the pmtl* cDNA was cloned into the bacterial expression vector, pET6H. The vector contained a sequence coding for six histidine residues upstream of the coding site so that the recombinant protein possessed a histidine tag at its N-terminus. The protein was then purified from E.coli cells using a nickel-agarose column as shown (Fig. 5) . The purified protein was incubated with a variety of substrates in the presence of [ 3 H]AdoMet. DNA methyltransferase activity was measured by the incorporation of the tritiated methyl groups into the substrates. As a positive control, the bacterial m5C-MTase M.MspI was used. This enzyme recognizes the sequence CCGG and methylates the internal cytosine. The assay relies on the assumption that the substrates contain enough copies of the DNA recognition sequence of the methyltransferase to give detectable methyl transfer. The substrates included total genomic DNA from S.pombe, bacteriophage lambda and E.coli, and short pieces of double-stranded DNA containing repeated CpG dinucleotides. In addition, plasmids containing specific S.pombe sequences were also used. These included a plasmid containing the dgdh repeats which are located in the centromere (68) , and a plasmid containing the telomeric repeats and telomere-associated sequences (69). It was not possible to detect transfer of methyl groups by pmtl to any of the substrates used (Table 1) . By contrast, M.MspI was active under the same assay conditions. In addition to the standard assay conditions (see Materials and methods), a number of variant conditions were tested without effect. These included a range of incubation temperatures from 25 to 37°C, a range of Mg 2+ concentrations from 0 to 10 mM and a range of [ 3 H] AdoMet concentrations from 6.7 to 80 u.M. We also added S.pombe protein extracts to the incubation mix in case the pmtl protein required association with, or modification by, certain S.pombe proteins before it could become an active methyltransferase.
DISCUSSION
Pmtl is a cytosine-specific DNA methyltransferase homologue
We have cloned a m5C-MTase homologue from S.pombe. The predicted pmtl protein contains all 10 conserved motifs found in this family of enzymes and represents the first m5C-MTase homologue cloned from a fungus. There are a few residues in the pmt 1 sequence that differ from the consensus, but these are mostly conservative changes. One remarkable feature from the consensus stands out, however. The pmtl protein sequence has a serine adjacent to the cysteine in the catalytic site, whereas a proline is found in all other m5C-MTases. The proline-cysteine dipeptide appears to be conserved, not only in m5C-MTases but also in other enzymes that effect methyl group transfer by the same catalytic mechanism, such as thymidylate synthase. During catalysis, the cysteine is known to provide the thiol group as a nucleophile. The role of the proline, however, is unclear. From the X-ray crystallography studies of the M.Hhal m5C-MTase (38, 39) , it would appear that the amide carboyl preceding the proline hydrogen bonds to the exocyclic amine of the target cytosine. The carbonyl group of the proline itself seems to form a hydrogen bond with the side chain of the asparagine in the conserved ENV sequence in motif VI. The proline is situated around the hydrophobic pocket where the cofactor AdoMet binds, and its hydrophobic side chain may contribute to this environment. However, from these interactions, it is hard to see why this residue is so conserved. Alternatively, the proline may be restricting the possible conformations of the adjacent cysteine and thus many alternative amino acids will not fulfil this role. To date, there have been no mutagenesis studies to address this question.
One possible explanation for the presence of the serine instead of proline in pmtl is that the serine has become inserted in between proline-79 and cysteine-81, thereby inactivating what was previously a functional m5C-MTase. However, as the preceding residues in this motif have not been completely conserved, it is not possible to judge the likelihood of this. M.HgaI-2 and the mouse enzyme have the sequence PPC in this region and therefore pmtl could have undergone a change in sequence from PPC to PSC. This change would have required at least two point mutations to derive the present serine codon AGT, from the codons for proline. 'KJTC contains 12 copies of GTC flanked at each end by Sati}A\ sites to give a 40mer containing 12 CG pairs. GTM is identical except that one strand contains methylated cytosines and is therefore a hemimethylated substrate. b Poly(dG:dC) is a polymer consisting of repeated CG dinucleotides. c An extract from cells carrying plasmid pET6H (the expression vector alone) was passed over a nickel-agarose column and the 100 mM imidazole fraction used as a negative control in these assays.
Failure to detect DNA methyltransferase activity
We have purified the pmtl protein from E.coli and found no detectable methyltransferase activity. In addition we have found that the pmtl + gene is non-essential for vegetative growth or for conjugation and meiosis. These findings, together with the presence of the serine-cysteine dipeptide, could indicate that the pmtl + gene function is not required in fission yeast at all, and that it is merely an evolutionary relic; a hypothesis consistent with the lack of detectable methylation in this organism (8; C. Wilkinson, unpublished data). On the other hand, we have shown that the pmtl* gene is transcribed at a significant level, and that the predicted protein still contains the catalytic cysteine and all 10 conserved motifs. These observations argue that pmtl* may encode a functional m5C-MTase.
If the pmtl protein is an active methyltransferase, there could be several reasons why we have not been able to demonstrate this, pmtl may require certain modifications in vivo, such as glycosylation, phosphorylation or even association with other subunits or cofactors. Although the recombinant pmtl was incubated with S.pombe protein extracts prior to testing its activity in vitro, this may not have been sufficient for any such modifications to occur. Another possible explanation for the apparent inactivity could be that the recognition sequence of pmt 1 is more than 7 bp long. The substrates that were used may not have contained enough copies of this sequence to give a detectable signal when methylated with [ 3 H]AdoMet. The recombinant protein contains a six histidine tag, but it is unlikely that this interferes with the protein structure, as other m5C-MTases are known to be active when fused to GST subunits at their N-termini (70) . Moreover, the length of N-terminal sequence in m5C-MTases that precedes motif I is highly heterogeneous and X-ray crystallography studies have shown that the N-terminal tail is likely to be located on the outside of the protein and not buried inside with the conserved motifs (38) .
The possible biological significance of pmtl
+
The function of the pmtl + gene may be required only under certain conditions, hence its dispensability for normal growth. Fission yeast cells that are grown in a laboratory are not subject to the same environmental stresses that they might encounter in their natural environment, pmtl could be part of a yeast restriction-modification system that has been rendered redundant by cultivation for many generations under laboratory conditions. Alternatively, as transposons have been identified in S.pombe (71) , methylation could control the spread of these elements through the yeast genome. A process that detects and inactivates duplicating sequences has been detected in other fungi (RIP and MIP; see Introduction). However, it is unlikely that a process exactly analagous to RIP and MIP exists in S.pombe, as duplicated sequences that are transformed into the genome (such as nutritional markers) do not become inactivated. One further possibility is that pmtl* is a pseudo-gene and that another functional methyltransferase exists, however, low stringency Southern hybridizations using pmtl* as a probe have not provided any evidence in favour of this suggestion (C. Wilkinson, unpublished data).
We have carried out a detailed analysis of the fission yeast genome in an attempt to detect CG and CXG methylation using methylation-sensitive enzymes to analyze certain regions of the genome. In addition, we have tried to identify fission yeast DNA containing methylated cytosines in CpG dinucleotides, using a column containing the methyl binding domain of the rat protein MeCP2 (72) . To date, none of these approaches have proved successful (C. Wilkinson and S. Cross, unpublished data).
Despite the failure of attempts to detect 5-methylcytosine in fission yeast, it is still possible that this modification exists. Even the most sensitive techniques would require that 0.075% of the total cytosine is modified (11) . Consequently, there could be at least 2100 undetected methyl groups in the fission yeast genome (assuming a 40% GC content and a total genome size of 14 Mb). Furthermore, it is clear that the presence or absence of small numbers of methyl groups can have a disproportionately large biological effect. For example, two methylated cytosines on opposite strands of a short palindromic sequence can prevent DNA restriction by certain enzymes. In addition, the mammalian protein MeCP-2 selectively binds to DNA containing just one symmetrically methylated CpG pair (73) , thereby potentially preventing alternative protein-DNA interactions at this site.
Could pmtl be an RNA methyltransferase?
As we have described, the major difference between pmtl and all other m5C-MTases cloned to date is the presence of a serine-cysteine dipeptide in the active site. Intriguingly, a serine-cysteine dipeptide has been seen at the active site in a methyltransferase that modifies uracil residues in tRNA. Like the m5C-MTases and thymidylate synthase, tRNA uracil methyltransferase catalyzes the transfer of methyl groups onto the 5-position of a pyrimidine (34) . This suggests that a serine next to a cysteine is not necessarily inhibitory for this type of reaction and it raises the possibility that the natural substrate of pmt 1 may be an RNA. The methylation of cytosine at the 5-position has been found in ribosomal RNA in organisms ranging from bacteria to man (74, 75) , but the cloning of the enzymes responsible for this modification have not been reported. This potential role for the pmtl protein is currently being investigated, although initial attempts to methylate various RNA substrates have not proved successful and a more sophisticated analysis may have to be carried out.
